We present a technique for infrared subtraction in next-to-leading order QCD calculations that preserves the virtuality of resonant propagators. The approach is based on the pseudo-dipole subtraction method proposed by Catani and Seymour in the context of identified particle production. As a first application, we compute e + e − → W + W − bb, which is dominated by top-quark pair production above the threshold. We compare the efficiency of our approach with a calculation performed using the standard dipole subtraction technique.
Introduction
The production and decay of heavy resonances like the top quark is of greatest interest in particle-physics phenomenology [1] . It presents a window into new physics, which is commonly believed to emerge in the form of new interactions at high energy. Precision measurements of Standard Model parameters at current collider energies may reveal parts of this structure if they can be made at high precision. However, the top quark cannot be considered an asymptotic state when performing the measurement, instead its existence as an intermediate state is inferred from its decay products. Radiative corrections to both production and decay are commonly simulated in computer programs called event generators, which allow to map experimental signatures associated with top-quark production to the parameters of the theory, in particular the pole mass or the MS mass of the top quark. It is the factorized approach of the simulation that presents a problem when the precision target of the measurement lies below the resonance width, because the narrow width approximation can no longer be applied [2] . A natural solution is to compute the complete final state at high precision using next-to-leading order calculations matched to parton showers [3, 4] . When doing so, attention must be paid to the fact that the process is an interplay of continuum contributions and resonant top-quark production, which could in principle be treated in the narrow-width approximation. On-shell top quark production mandates a special choice of kinematics mapping in the transition from Born to real-emission final states in the matching procedure. This problem has been addressed in great detail [5] [6] [7] [8] [9] in the context of the Frixione-Kunszt-Signer subtraction method [10] , but no attempt has so far been made to implement a solution based on Catani-Dittmaier-Seymour-Trocsanyi dipole subtraction [11, 12] . In this manuscript we therefore discuss the concept of a new technique that is based on the identified particle methods presented in [11] and apply the procedure to the computation of top-quark pair production at a future linear collider [13, 14] at NLO QCD accuracy. The method can straightforwardly be extended to hadron colliders, where measurements of singly-and doubly-resonant top-quark pair production have just been reported [15] .
The outline of this paper is as follows: Section 2 introduces the problem of resonances in NLO calculations. Section 3 reviews the formalism of pseudo dipole subtraction as introduced in [11] and shows how it can be applied to resonance-aware subtraction. Section 4 presents a first application, and Sec. 5 gives an outlook.
Stating the problem
The calculation of observables at NLO requires the computation of real and virtual quantum corrections to the Born cross section. After renormalisation both these contributions are still separately infinite, although their sum is finite for infrared safe observables. In order to calculate such observables efficiently, general next-to-leading order infrared subtraction schemes have been devised, the most widely used being the methods by Frixione Kunszt and Signer (FKS) [10] and the ones by Catani and Seymour (CS) [11, 12] . Both methods are based on the extraction of the singular limits of the real-emission corrections, their analytic integration and combination of the result with the virtual corrections to render both realemission and virtual corrections separately infrared finite. Focusing, for simplicity, on the total cross section in a process with no initial state hadrons, we can write schematically
Here m dσ I = m+1 dσ S is the subtraction term, which is analytically integrated over the phase-space of the additional parton in the real correction and m indicates that the phasespace integral corresponds to m final-state partons. 1 In the remainder of this paper we will focus on CS dipole subtraction [11] . In processes with intermediate resonances, this technique exhibits an undesired feature, which can most easily be explained using a concrete example, say e + e − → W + W − bb. If the center-of-mass energy is greater than the top pair threshold √ s 2m t , this process is dominated by on-shell tt-production and decay.
One possible real emission correction to this process is depicted on the left-hand side of Fig. 1 . The subtraction term associated to the collinear singularity is constructed from the Born-diagram on the right-hand side of Fig. 1 , and its kinematics is obtained by mapping the on-shell final-state momenta of the real correction to the Born using the algorithm in [11] . In the canonical method, the momenta of the emitter (b-quark) and the spectator (b-quark) are adjusted, while all other momenta remain the same. This procedure generates a recoil that is indicated by the dashed line in term being evaluated at different virtualities of the intermediate top-quarks than the realemission diagrams whose divergences it counteracts. As the top-quark propagator scales like (p 2 t − m 2 t + im t Γ t ) −1 and Γ t m t , the change in virtuality may cause numerically large deviations between the real-emission corrections and the corresponding subtraction terms. Though the cancellation of infra-red divergences still takes place, the associated large weight fluctuations may significantly affect the convergence of the Monte-Carlo integration. The problem becomes manifest when interfacing the fixed-order NLO calculation to a parton shower. The difference in matrix-element weights arising from resonant propagators being shifted off resonance by means of adding radiation and mapping momenta from Born to real-emission kinematics bears no relation with the logarithms to be resummed by the parton shower, yet its numerical impact may be similar. This motivates the usage of an improved kinematics mapping by means of pseudo-dipoles.
Pseudo-dipole subtraction
The concept of pseudo-dipoles was introduced in [11] to cope with the situation where a subset of the final-state partons lead to the production of identified hadrons. In such a scenario, both emitter and spectator of a dipole may be "identified" in the sense that they fragment into identified hadrons. Because the directions of the identified hadrons are measurable, neither emitter nor spectator parton in the dipole can be allowed to absorb the recoil when mapping the momenta of the real-emission final state to a Born configuration. Instead the kinematics is balanced by adjusting the momenta of all non-identified final state particles (not just partons). This idea is reminiscent of standard dipoles with initialstate emitter and initial-state spectator. In fact pseudo-dipoles may be thought of as a generalization of these configurations.
In the following, we will review the definition of the pseudo-dipole, describing a q → qg splitting, as they have been introduced in [11] and proceed to explain how they can be exploited for the purpose of resonance-aware subtraction. 
Catani-Seymour formalism
In order to satisfy the constraint that both emitter and spectator retain their direction, an additional momentum must be introduced that can absorb the recoil in the momentum mapping from real-emission to Born kinematics. This auxiliary momentum is defined as
where p in is the total incoming momentum in the process, and the sum runs over all outgoing identified particles. The eventual dependence of the subtraction term on n µ accounts for the term pseudo-dipole. An immediate consequence of this definition is that there are only two types of pseudo-dipoles, because the spectator momentum is always in the final state. This is in contrast to standard Catani-Seymour dipoles, which have four different types, corresponding to all combinations of initial-state or final-state emitter with initial-state or final-state spectator. We denote pseudo-dipoles with final-state emitter as D 
where a refers to an identified final state parton (the emitter) and the color spectator b may either be another identified final state parton or an initial state parton. This situation is depicted in Fig. 2 . The kinematics in the correlated Born matrix element is given as follows: The momentum of the emitter is scaled as
All non-identified particles (not just partons) in the final state are Lorentz-transformed bỹ
The momenta K µ andK µ are given by
The remaining momenta, namely those of identified and initial state particles (in particular of parton b) remain unchanged. The complete list of pseudo-dipole insertion operators is given in [11] . As we focus on processes with no final-state gluons at Born level, the only one relevant to our computations is the q → qg insertion operator, which reads
.
The integrated splitting kernel is defined as
where [dp i (n, p a , z)] is the one-emission phase-space integral obtained by factorizing the real-emission phase space. One obtains
where V qg ( ) comprises all singularities needed to cancel the poles present in the virtual corrections. It is given in Eq. (5.32) of [11] , and all other functions are listed in Appendix C of [11] . The single poles proportional to the Altarelli-Parisi splitting functions do not appear in the standard CS integrated dipole terms. They are canceled by collinear mass factorization counterterms, which -in our approach -can be viewed as the one-loop contribution to the partonic fragmentation function to be convoluted with the subtracted hard cross section. Before proceeding to the definition of the integrated dipole terms in form of H-and P-operators we will first explain how to apply pseudo-dipoles to resonant processes.
Application to resonance-aware subtraction
Pseudo-dipole subtraction terms that preserve the invariant mass of intermediate resonances can be constructed using the following algorithm:
1. If the emitter is the decay product of a resonance and the spectator is not a decay product of the same resonance, the dipole is replaced by a pseudo-dipole where the emitter and all particles except for the emission and the remaining decay products of the resonance are identified. This rule takes precedence. 2. If the spectator is the decay product of a resonance and the emitter is not a decay product of the same resonance, the dipole is replaced by a pseudo-dipole where the emitter and all decay products of the resonance to which the spectator belongs are identified.
3. If emitter and spectator are decay products of the same resonance, the standard CS subtraction formalism is used.
It is clear that these rules can only be applied unambiguously once the diagrammatic structure of the real-emission corrections is simple enough for a clear assignment of "decay products" to be made. Despite this severe restriction, the algorithm can be used in a variety of processes, among them the highly relevant example of top-quark pair production, both at hadron and at lepton colliders. Consider again the example e + e − → W + W − bb. If √ s > 2m t the dominant contribution to the cross section stems from diagrams like the one on the left-hand side of Fig. 1 . The standard CS dipole to cover the collinear singularity associated to this diagram is constructed by using the Born-level diagram on the right-hand side of Fig. 1 . In this situation the recoil from the emitter partonb to the spectator parton b affects the potentially resonant top quark propagators. To avoid this, we replace by means of the above algorithm the standard CS dipole by a pseudo-dipole and formally "identify" particles. As the first rule takes precedence we identifyb, W + and b. In this manner, the W − boson is the only particle left to absorb the recoil. Hence the momentum of the top-quarks are unaltered and we have achieved our aim. The momentum flow corresponding to this situation is depicted in Fig. 3 . The same reasoning is applied to the pseudo-dipole in which the b quark is the emitter.
We stress at this point that we do not actually identify particles throughout the calculation. Instead we integrate over all final-state momenta by means of adding partonic fragmentation functions. We will show in the following how this affects the Hand P-terms given in [11] . For simplicity, we consider a configuration with no initial state partons and m final state (anti-)quarks at Born level. In the following, the integration over non-QCD particles shall be understood whenever we write m dφ m .
For now we will not integrate over the momentum of the merged parton aı. We denote this with a subscript −1 at the integral sign. The integral over the pseudo-dipoles is then given by
(3.12)
Here z is used as a shorthand notation for z ain , given in Eq. (3.3). As we are concerned with q → qg splittings only, aı and a are always quarks. The corresponding integrated splitting function is given in Eq. (3.11) . Each identified final-state parton contributes a collinear mass factorization counterterm
where the Born cross-section is given by
When we add Eq. (3.12) and sum Eq. where dσ B pa z ·Î aı indicates that the squared Born matrix element in Eq. (3.14) is replaced by the spin-and color-correlated Born matrix element. Note that the parton aı in this expression carries momentump ai = p a /z. The insertion operator is given bŷ
From this expression we extract the insertion operator I aı , which comprises all singularities and is identical to the one for standard FF-dipoles:
We split the remainder into H-and P-operators aŝ
In order to combine the µ F -dependent terms with the collinear counterterms, we used the identity m b=1 b = aı T b = −T aı , which arises from color conservation [11] . After a few steps, we find up to O( ): In contrast to the original pseudo-dipole approach, we now replace the integration over p a by an integration over the Born momentump ai = p a /z (see e.g. Ref. [16] , p.24). This leads to the following transformation:
The Jacobian of the transformation exactly cancels the prefactor 1/z 2−2 in Eq. (3.15). We thus obtain The momentum of parton aı isp ai and thus no longer z-dependent. This allows to simplify the operators. Setting H F.S.(z) = 0 (which corresponds to the MS-scheme), we obtain
Note that P aı vanishes because P(z) is a pure plus distribution. We finally obtain 1 0 dz H aı (p 1 , . . . , p a , . . . , p m ; n; z)
(3.25)
The last line of Eq. (3.25) is the only z-dependent contribution which cannot be integrated analytically. Note in particular that n z implicitly depends on z through Eq. (3.1), where the momentum of the emitter particle is given by p a = zp ai . We remark that the introduction of the collinear counterterms in Eq. (3.13) is actually unnecessary, since they give a vanishing contribution to the cross-section. This is due to P(z) being a pure plus-distribution and the test-function with which it is convoluted not being z-dependent after we substituted p a = zp ai . This is also true for differential cross-sections, since any partonic observable can be expressed without reference to z. The vanishing effect of collinear counterterms may also be understood from another point of view: As we do not actually restrict the momenta of the "identified" partons, but integrate over them eventually, we have already collected all singularities necessary to cancel those present in the virtual corrections. Hence, no collinear mass factorization counterterms are required.
4 Application to W + W − bb Production in e + e − Collisions
We have tested the above described resonance-aware subtraction by means of pseudo-dipoles in the reaction e + e − → W + W − bb. In the following we are going to compare results obtained with standard CS dipoles to those obtained with pseudo-dipoles for fixed NLO QCD predictions. In Sec. 4.1, we first examine the cancellation of divergences between the real-emission matrix elements and the different dipoles using ensembles of dedicated trajectories in phase-space, which approach the collinear and soft limits in a controlled way. Following this, we compare physical cross-sections calculated with the different subtraction techniques while paying special attention to the rate of convergence in the Monte-Carlo integration.
Singular limits
The only real-emission correction to the process e + e − → W + W − bb at NLO is the process with an additional gluon in the final state. We are therefore confronted with two different singular limits, namely the one with a soft gluon and the one with a collinear (anti-)quarkgluon pair. We use the following variables to parametrize the soft and collinear limits
In the collinear limits, y gb → 0 or y gb → 0, while in the soft limit y gb y gb → 0. To study the behavior of the subtraction when approaching these limits, we construct ensembles of trajectories in two steps: random phase-space points are sampled according to the realemission cross section in the narrow-width approximation while requesting three identified jets in the Durham algorithm [17] . Subsequently, for each phase-space point the kinematical configuration is scaled according to the algorithm described in App. A to approach the soft or collinear limit. The two plots in Fig. 4 display the values of the real-emission matrix-element, R = |M R | 2 and the two different sums of the associated dipoles (S = D), as well as the absolute value of their difference and their ratio for the soft (upper panel) and bg-collinear (lower panel) limit. Note that also the real-emission contribution is different between the two cases because for a fair comparison the construction of the soft/collinear limits is tailored to the kinematics mapping of the CS and ID cases respectively.
It can be seen that the cancellation of divergences works well in the standard CS subtraction method and in the pseudo-dipole approach, but that the pseudo-dipoles converge faster towards the real-emission matrix element. One would therefore also expect the Monte-Carlo integration to converge faster when pseudo-dipoles are used for subtraction.
Physical cross sections
In this section we present first results validating the pseudo-dipole subtraction method for resonance aware processes at the level of cross sections and distributions. Again we investigate the reaction e + e − → W + W − bb. Results are cross-checked using two different implementations of our new algorithm within the public event generation framework Sherpa [18, 19] , one using the matrix-element generator AMEGIC++ [16, 20] , and one in the new OpenLoops interface of Sherpa [21] . In the latter interface, the correlated Born matrix-elements are imported from OpenLoops libraries, while the splitting function is calculated in Sherpa and the integration is performed using the techniques implemented in AMEGIC++ [20] . We vary the center-of-mass energy of the collider to obtain predictions below, at and above the top-quark pair production threshold, and we do not include the effects of initial-state radiation. We require two hard jets at y = (5 GeV/E cms ) 2 defined according to the Durham algorithm [17] . The running of the strong coupling is evaluated at two loops, and the reference value is α s (M 2 Z ) = 0.118, where M Z = 91.1876 GeV. Table 1 shows the total cross sections as well as the individual contributions from the subtracted real-emission terms (RS) as well as Born, virtual corrections and integrated subtraction terms (BVI). As expected, the RS and BVI contributions differ between the standard CS subtraction method and the pseudo-dipole approach, but their sum agrees within the statistical accuracy of the Monte-Carlo integration. It can be seen that above and at the production threshold for a top-quark pair, the cross section for e + e − → W + W − bb is significantly enlarged. For those two center-of-mass energies, we expect the pseudo-dipoles to yield a more physical interpretation of the subtraction term and thus a reduced variance during the integration. This is confirmed in Fig.5 , which shows the evolution of the Monte-Carlo error during the integration. In the case of pseudo-dipole subtraction at or above threshold, the uncertainty is indeed substantially lower than for standard CS-dipoles. Below
CS ID CS ID CS ID RS −0.00772(6) −0.00140(5) −0.52(3) −2.85(1) −9.5(4) −5.3(1) BVI 0.16143(13) 0.15506 (13) 148.07(9) 150.55(9) 230.0(2) 226.0 (2) 0.15371 (14) 0.15366 (14) 147.55(9) 147.70(9) 220.5(4) 220.7(2) Table 1 . NLO cross sections for e + e − → W + W − bb at µ R = m t and varying center-of-mass energy, computed using standard CS subtraction terms (CS) or pseudo-dipoles (ID). The subtracted real-emission contributions (RS) were calculated using 10 7 phase-space points. The Born, virtual corrections and integrated subtraction terms (BVI) were calculated using 3 · 10 6 phase-space-points.
threshold the performance of pseudo-dipole subtraction is similar to the standard technique. Our validation is completed by a comparison of a few selected differential cross sections in the two subtraction schemes. Fig. 6 displays the invariant mass of the (anti-)top quark reconstructed at the level of the W + W − bb final state from the W -boson and a b-jet with a matching signed flavor tag. The deviation plot shows excellent statistical compatibility between the two simulations. It also displays clearly that the pseudo-dipole subtraction technique by construction generates smaller statistical uncertainties than the standard CS subtraction method.
Conclusions
We have presented a technique that allows to preserve the virtuality of intermediate propagators in the computation of subtracted real-emission corrections to processes involving resonances. We have validated this approach in a simple fixed-order calculation and outlined how it can be generalized to more complicated processes. Due to the close correspondence with standard Catani-Seymour dipole subtraction, a matching to parton showers can be carried out in the MC@NLO or POWHEG methods in the future, thus paving the way for a precision measurement of processes involving for example single-top and top-quark pair production.
A Construction of phase-space trajectories
In this appendix we describe a generic method to generate phase-space trajectories approaching the soft or collinear limits of the hard matrix element, as used in Sec. 4.1. The technique is based on a suitable scaling of the Lorentz invariants parametrizing the desired limit. The corresponding kinematical configuration is determined by combining the appropriate final-state momenta using the massive dipole kinematics of [12] and subsequently constructing a new real-emission configuration by applying the techniques in [22] .
We use the notation and definitions of [11] for final-state splittings with final-state spectatorz Table 2 . Scaling of Catani-Seymour parameters defined in Eq. (A.1) used to construct the phasespace trajectories in Sec. 4.1. The scaling parameter is denoted by λ, and the gluon is labeled as particle i. Table 2 gives the assignment of the final-state momenta to the labels i, j and k for standard CS dipoles and pseudo-dipoles and shows how y andz are rescaled in order to construct the phase-space trajectories. The construction of momenta proceeds as follows: We first combine the three final-state momenta p i , p j and p k into intermediate momentap k and p ij = q −p k , where q = p i + p j + p k . 
